< Future poplar biomass plantations may significantly impact ozone levels in Europe. < Growing poplar on 5% of European farmland enhances isoprene emissions by 45%. < Ozone indicators for human health and vegetation increase by up to 25% and 40%. < Air pollution mitigation strategies should consider land use management. a r t i c l e i n f o 
Introduction
Ozone is a natural compound of the troposphere that has an important role in the cleansing capacity of the atmosphere. During the past centuries ozone levels have increased as a result of human activities such as transportation, industrial processing and energy production. Photochemical processes influenced by anthropogenic emissions of nitrogen oxides (NO x ) and Volatile Organic Compounds (VOCs) cause current tropospheric ozone levels to be substantially increased compared to its natural background (Dentener et al., 2005) . Increased ozone concentrations, especially during summer smog episodes, have a negative effect on humans, animals and vegetation (Royal Society, 2008) . For example, exposure to high ozone concentrations may give rise to respiratory and possibly cardiovascular problems and is thought to lead to premature deaths (Bell et al., 2004) . Furthermore, high ozone levels can be harmful to plant leaves, thus leading to economic damage due to decreased forest growth and decreased crop yields (Adams et al., 1982; Krupa et al., 1998) . During the last three decades international emission control efforts have been undertaken to reduce the exposure of the population and vegetation to ozone in the US and Europe. Trend analyzes have shown that this strategy has successfully reduced ozone peak values (Royal Society, 2008) .
Ozone production results from a complex interplay by nitrogen oxides and organic compounds from natural and anthropogenic sources. Variability in ozone concentrations is driven in part by biogenic emissions of VOCs, mainly in the form of isoprene . The rates of isoprene emission are largely dependent on plant species, and increase strongly with temperature and with photosynthetically active radiation intensity (Guenther et al., 1993; Guenther, 1995) . Therefore, changes in isoprene emissions and ozone levels may result from potential future modifications in climate (due to global warming) as well as in land use (e.g., due to ongoing urbanization and de-or re-forestation). Indeed, climate impact studies consistently show that ozone levels are expected to increase at constant anthropogenic emissions, predominantly because of increased biogenic VOC emissions at higher ambient temperatures (Jacob and Winner, 2009) . Such temperature-driven increases in biogenic emissions may either be counteracted or exacerbated by land use changes (e.g., Sanderson et al., 2003; Wiedinmyer et al., 2006; Chen et al., 2009; Ganzeveld et al., 2010) . This depends on the considered type of land use modification like urbanization, cropland expansion, tree planting, or natural vegetation distribution differences associated with global warming. Thus, the impact of land use changes on air pollution can be substantial when it is combined with climate change. However, the effect of land use changes alone, i.e., without a concomitant climate change has received little attention so far, especially with respect to the European continent (for exceptions see below).
One reason for a future land use shift is a potential large-scale transition toward the usage of biomass as a renewable energy source. For Germany, the current annual share of renewables amongst all energy sources is 10.9% (w1 EJ), most of which (w0.7 EJ) is biomass-based (BMU, 2012) . Germany has agreed to increase the percentage of energy from renewables to 18% by 2020, a plan that can be seen as challenging. Globally, 16.6% of energy came from renewable sources in 2008, and the majority (75%) of this was biomass-based. The recent domination of biomass-based sources amongst renewables is largely due to the increased production of liquid fuels such as bio-diesel (BMU, 2012) . Because this trend is expected to continue in the future, large regions of crop-and grassland will be needed to supply the required biomass. Fischer et al. (2010) calculated that within Europe 15e30% of the current grass-and crop-land could be available for biomass production by 2030, without impinging on requirements for self-sustainability in terms of food and feed production. However, in some countries a policy change may be required for such large-scale transitions. For example, in Germany it is currently not allowed to modify grassland into biomass plantations. Nevertheless, in such a scenario of large scale biomass production, this could in the future annually generate up to w5 EJ (Fischer et al., 2010; Thrän et al., 2011) , i.e., one third of the total energy demand of the transport sector in the European Union. In conclusion, the landmass available for biomass-based sources in Europe as well as its ensuing energy potential is substantial.
Bio-energy based plantations that run on woody biomass need an ongoing supply of chipped wood, and therefore fast-growing tree species are required to provide such a constant flow of material. Candidate species for biomass plantations in Europe are therefore tree species such as poplar, willow, and eucalyptus. The isoprene emission potentials of these species are relatively high when compared to most other common tree species in Europe such as beech, fir, and pine species (Table 1; note that oaks are an exception). Thus, additional biogenic emissions as a consequence of large-scale biomass production are likely to affect ozone levels.
The potential effect of large-scale biomass plantations on isoprene emissions and consequent ozone air pollution has been investigated in a limited number of studies, mainly by applying chemical transport models (CTMs) to different parts of the earth (Lathière et al., 2006; Wiedinmyer et al., 2006; Hewitt et al., 2009; Ashworth et al., 2011; Pyle et al., 2011) . With respect to Europe, two studies were performed: First, Lathière et al. (2006) investigated the potential consequences of biomass plantations on biogenic emissions at a 1 by 1 resolution. Second, Ashworth et al. (2011) looked at their impact on both biogenic emissions and on ozone air pollution at a 1.9 by 1.3 resolution. Except for these coarsescaled studies, the potential impact of large-scale biomass production on ozone levels in Europe has not been investigated. Comparison of global model results to ground-level observations suggests that resolutions of 1 Â 1 degree or lower are too coarse to resolve regional ozone production (Wild and Prather, 2006) . Indeed, evaluations of global and regional CTMs show that regional models typically perform better (Van Loon et al., 2007; Emery et al., 2012) . A likely explanation for this is that ozone chemistry is fast (of the order of minutes-hours): with a high-resolution model the different chemical regimes that are induced by emission patterns of biogenic and anthropogenic sources can be separated, which leads to a proper description of regional ozone formation.
Here, we provide a dedicated regional modeling approach (at 0.5 by 0.25 resolution) to investigate this topic by employing the CTM LOTOS-EUROS, which is especially tailored to the modeling of trace gases and particulate matter in Europe. We study a conservative future scenario in which only 5% of the crop-and grass-land in Europe is considered to be converted into poplar plantations. We show that the effect of the isoprene emissions is primarily on the daily ozone peaks, and for the first time explore the impact on ozone indicators for human health (SOMO35) and for vegetation damage (AOT40f). Finally, we assess the NO x emissions reduction that would be required to restore the ozone levels to normal values, thus putting the ozone air pollution due to new poplar plantations in perspective.
Methods

LOTOS-EUROS model
In order to study the impact of poplar plantations on ozone distributions over Europe, we used LOTOS-EUROS version 1.8.2, which is a three-dimensional CTM that simulates air pollution in Simpson et al., 1999; Karl et al., 2009 the lower troposphere. Previous versions of LOTOS-EUROS have been used for the assessment of air pollution (e.g., Schaap et al., 2004a Schaap et al., , 2004b Barbu et al., 2009; Manders et al., 2009 Manders et al., , 2010 . LOTOS-EUROS is used to make operational forecasts of ozone, nitrogen dioxide and particulate matter within the MACC (Monitoring Atmospheric Composition and Climate; EU FP7 project) ensemble (Curier et al., 2012) . Furthermore, LOTOS-EUROS has frequently participated in international model comparisons concerning ozone (Hass et al., 2003; Van Loon et al., 2007; Solazzo et al., 2012) , particulate matter Stern et al., 2008) and source-receptor matrices . For a detailed model description we refer to elsewhere ); here we provide a brief description focusing mainly on the most relevant aspects for the current study. The projection used in our simulations is longitudeelatitude at a grid resolution of 0.50 longitude Â 0.25 latitude (in Europe approximately 25 Â 25 km). The simulated domain is a rectangular grid from 15 W to 35 E and 35 N to 70 N, which encompasses Europe (Fig. 1a) . For the boundary conditions we employ the Global and regional Earth-system (Atmosphere) Monitoring using Satellite and in-situ data (GEMS) re-analysis and forecasts (Hollingsworth et al., 2008) . This is based on a coupling of the European Centre for Medium-range Weather Forecasts (ECMWF) model (Flemming et al., 2009) Emmons et al., 2010) . In the vertical direction the model extends from 0 to 3.5 km above sea level, and consists of three dynamical layers to describe differences in diffusive behavior at various heights. The lowest layer is the mixing layer in which most emissions take place and whose height varies over time and space due to daily changes in air temperature. The mixing layer height is extracted from meteorological input data originating from the ECMWF model (Flemming et al., 2009) , which are used to drive LOTOS-EUROS. On top of the mixing layer we consider two reservoir layers. The height of these reservoir layers together is set to the difference between the ceiling (3.5 km) and the mixing layer height. The individual reservoir layers are equally thick with a minimum of 50 m. Occasionally, the mixing layer extends near or above 3.5 km, which means that the ceiling exceeds 3.5 km in those cases. Apart from the mixing and reservoir layers, a surface layer with a fixed depth of 25 m is included to monitor ground-level concentrations.
Advection in all directions is handled by applying the monotonic advection scheme developed by Walcek (2000) . The number of time steps within the routine is dependent on the courant number. Gas phase chemistry is described using the TNO CBM-IV scheme, which is a condensed version of the original scheme by Whitten et al. (1980) . Isoprene chemistry and hydrolysis of N 2 O 5 are described following Adelman (1999) and Schaap et al. (2004a) , respectively. Dry deposition in LOTOS-EUROS is parameterized according to the well-known resistance approach following the EDACS system (Erisman et al., 1994; Van Zanten et al., 2010) . The stomatal resistance is described by the parameterization of Emberson et al. (2000a,b) , and the aerodynamic resistance is calculated for all land use types separately. Wet deposition of trace gases and aerosols are treated using simple scavenging coefficients (Schaap et al., 2004a) .
For anthropogenic trace gas emissions we incorporate the widely used TNO-MACC emission database for 2005 (Denier van der Gon et al., 2010; Kuenen et al., 2011) . The temporal variation of the emissions is represented by time factors (Builtjes et al., 2003) . Specifically, for each emission source category the annual total emission is multiplied by factors for (i) the month of the year, (ii) the day of the week, and (iii) the hour of the day.
Biogenic VOC emissions are derived using detailed information on tree types in Europe because the biogenic emission factors are extremely variable between species (e.g., see Table 1 ). Therefore, the land use dataset ) was combined with the distributions of 115 tree species over Europe (Koeble and Seufert, 2001 ). These tree species are allocated to all forested areas of the land use dataset at a resolution of about 2 km Â 1 km), and the resulting database is aggregated to the required resolution during model initialization ). Due to the merging of two different databases, it regularly occurs that forest areas within a grid point cannot be completely filled up with specific tree species. For example, at a specific grid point the fraction of deciduous forest from the land use dataset could be 0.5, whereas the sum of all deciduous tree species from the tree dataset could only amount to a fraction of 0.3. The 'rest' fraction of deciduous forest (in the example a fraction of 0.2) then remains tagged with 'deciduous forest' rather than with specific tree species. During each simulation time step, biogenic isoprene and monoterpene emissions are calculated as a function of the biomass density and standard emission factor of the species or land use class (Table 1; for full table  see Schaap et al., 2009) . Moreover, the role of the local temperature and photo-synthetically active radiation are taken into account in the biogenic emissions by following the empirically designed algorithms proposed by Guenther et al. (1993) and Tingey et al. (1980) . Our implementation of biogenic VOC emissions is similar to the approach by Steinbrecher et al. (2009) .
Scenario definition and analysis
In our scenario we consider 5% of the European crop-and grassland to be converted into poplar plantations, which represents a conservative change relative to the amount of available land for biomass production in the future (Fischer et al., 2010) . To implement this scenario, during the initialization of the tree database and the land use database, for each grid point the fraction assigned to the tree species Populus alba is increased by 5% of the land fraction used for crop-and grass-land (which is decreased by that same amount). The same increase is assigned to the land use class for deciduous forest, such that the amount of forest that cannot be assigned to tree species remains the same after the land use modification. For the entire simulated domain, the total land area changed amounts to 18.3 MHa. Note that the new poplar plantations modify the biogenic VOC emissions as well as the deposition per grid point.
The simulations are carried out for the summer smog season (Apr 1steOct 1st) of 2006, which had a few warm episodes during summertime in western Europe. We compare the baseline case and the main scenario to quantify the impact of new poplar plantations. To put the results into perspective we also perform simulations with up to 50% reductions in NO x emissions (in addition to the changes caused by the new poplar plantations). Three ozone indicators are used to assess the effect of our scenarios on ozone levels. First, the daily maximum in ozone concentration, which usually occurs during late afternoon. Second, the AOT40f (in mg m , and is typically used as an indicator for human health damage. It is defined as the sum of the differences between daily maxima of 8-h running means exceeding 35 ppb and 35 ppb over a certain period. Note that these measures are frequently used yet come with disadvantages. For example, a well-known disadvantage of the AOT40f approach is that it doesn't take into account that vegetation damage depends on factors other than just ground-level ozone concentrations (Royal Society, 2008) . Meteorological and environmental parameters such as air humidity and water deficit are important determinants for the ozone flux into plants, because leaf stomata may be closed in dry conditions. Therefore, the gradient of projected vegetation damage from North-to SouthEurope is less for a flux-based than for an AOT40f approach (Simpson et al., 2007) .
Model evaluation procedure
To verify the relation between simulated and experimentally determined ozone and nitrogen dioxide concentrations across Europe we use measured concentrations of trace gases for 2006 from the European Monitoring and Evaluation Programme (EMEP) monitoring network (Hjellbrekke and Fjaeraa, 2009; www.emep. int) . We use only background stations situated in rural areas. Furthermore, mountain stations (above 700 m) and stations with a 2006 summer data coverage of less than 75% (determined separately for ozone and nitrogen dioxide) are excluded from the procedure. As a result, in the statistical comparison between projected and observed values, up to 83 stations were used for the ozone indicators and 41 for nitrogen dioxide. Statistical parameters investigated include averages, percentage coverage, bias, RMSE, and temporal correlation (Table 2 ). For each of these statistics, values are first calculated for each station separately, and the average per station is presented. 
Results
Comparison of LOTOS-EUROS simulations with ground observations
We start by investigating how well the LOTOS-EUROS CTM projects experimental measurements of trace gas concentrations at the surface. Because we focus on ozone air pollution, we compare our 2006 summer simulation results for ozone and an important precursor (nitrogen dioxide) to observations at ground stations (Fig. 1a) . For nitrogen dioxide the simulated daily means typically slightly underestimate the observed values, and only at a few stations the simulations are further off ( Fig. 1b; Table 2 ). The relatively low temporal correlation coefficient for this primary component is a common feature for European CTMs . Regarding the ozone indicators studied (daily peak ozone values, AOT40f, and SOMO35), our simulations underestimate the experimental measurements ( Fig. 1cee; Table 2 ). Ozone peak values are underestimated by on average 17%. Part of the underestimation is systematic and can be attributed to the boundary conditions, which are on the low side for ozone. However, the strongest underestimations occur at the high end of the concentration range. Overall, the spatial correlation for ozone daily maximum is quite good. Furthermore, the temporal correlations between the observed and simulated peak ozone values at a single location are on average high (Table 2 , Fig. 1f ), varying from a range of 0.75e0.85 in Central Europe to values of 0.5e0.7 in Southern and Northern Europe. The lower model performance in southern Europe is a consequence of the more complex terrain and meteorological circumstances compared to central Europe. The European geographical variability in model performance is a typical feature in CTMs (Van Loon et al., 2007; Vautard et al., 2009 ). This analysis suggests that we correctly capture the most important processes determining the variability of the daily ozone peaks in space and time. The underestimation of the AOT40f and the SOMO35 values is more pronounced, which is caused by the concentration threshold in the determination of these indicators. However, the spatial correlation is only slightly lower than for ozone peak values. For a more elaborate evaluation of LOTOS-EUROS for ozone we refer to Curier et al. (2012) .
The response to emission reductions for LOTOS-EUROS simulations has been compared to that of a number of other CTMs within EURODELTA (Thunis et al., 2010) . With respect to reductions in nitrogen oxides the LOTOS-EUROS simulation results were consistent with the results of other models. However, responses to land use changes or changes in biogenic emissions were not addressed within EURODELTA. Nevertheless, because our model evaluation shows that our simulations are able to capture the variability in ozone between regions with different climatic conditions and, importantly, different pollution regimes (NO x /VOC ratios), we conclude that the model is suited to study the effect of modifications in land use as well as NO x emissions on ozone air pollution. However, it might be that the absolute impact on AOT40f and SOMO35 as presented in this paper are underestimated.
Impact of new poplar plantations on isoprene emissions
In our scenario we consider that 5% of the current crop-and grass-land is converted into fast-growing poplar plantations. In large parts of Europe agricultural land use is dominant, and the fraction of deciduous forest tends to be limited (Fig. 2a) . Therefore, within each simulated grid point (varying in size from w500 km 2 in the northern part of the domain to w1250 km 2 in the southern part of the domain), tens of squared kilometers of land are replaced with forest in our scenario (Fig. 2b) . For the Scandinavian countries, the changes are minor because of the limited agricultural activities in those countries. In the isoprene emission distribution for the current land use both the forest distribution across Europe and a general south to north gradient is visible (Fig. 2c) . This gradient is caused by different meteorological conditions and the dependency of isoprene emissions on temperature and radiation intensity. Fastgrowing tree species such as poplars tend to be high emitters of isoprene, whereas grasses and crops are low emitters (Table 1) . Therefore, the calculated effect of new poplar plantations on isoprene emissions is substantial: For the entire simulated domain, isoprene emissions for the summer of 2006 increased by approximately 45% from a total of nearly 5 Tg to more than 7 Tg. Examination of the relative increases across the domain shows that in dominant agricultural areas, such as the United Kingdom, Ireland, Denmark, northwestern France, northern Germany, the Po Valley and the Ukraine, increases of more than 100% are observed (Fig. 2d) . For other regions, the importance of the change depends on the ratio between the change in forest cover due to the scenario and already existing forest cover. Mountainous regions can be clearly identified because relatively few land use changes occur ( Fig. 2b  and d ). Our conservative scenario leads to a doubling of isoprene emissions in countries with low forest cover such as the Netherlands and the UK (Fig. 2e) . In an absolute sense, the largest increases are projected to occur in Southern Europe, as expected from the meteorological conditions.
Impact of new poplar plantations on ozone indicators
To investigate the impact of the additional isoprene emissions due to new poplar plantations on ozone air pollution, we compared three ozone indicators over Europe in our LOTOS-EUROS simulations for the current land use with those for our scenario (Fig. 3) . As described in the Methods, we calculated the mean of the daily ozone maxima (Fig. 3a) , the AOT40f (Fig. 3b ) and the SOMO35 (Fig. 3c) , each based on the simulation period April 1steOctober 1st, 2006. Each of these ozone indicators are projected to increase substantially (Fig. 3 , middle and right panels): the daily ozone maxima increase by up to 6% (with a mean of 1.6% over the entire simulated domain), the AOT40f increases by up to 40% (spatial mean of 11.2%) and the SOMO35 increases by up to 25% (spatial mean of 7.3%). We found the strongest (relative) increases in the United Kingdom, the Netherlands, Germany, Italy and Ukraine.
In order to get an impression of how the temporal profiles for local ozone concentrations are affected by new poplar plantations, we studied the model projections as a function of time for the grid points containing Amsterdam in the Netherlands (Fig. 4a) and Milan in Italy (Fig. 4b) for the period July 1steJuly 17th, 2006. The temporal profiles show that the strongest effect of our scenario is on the ozone maxima in the afternoons (in these examples by up to 10 mg m À3 ), and that the impact is less pronounced at other time points of the day. Moreover, the daily maxima during episodes with high ozone concentrations are much more increased than those at days with low ozone concentrations. These observations explain why especially the ozone indicators AOT40f and SOMO35 are strongly affected by new poplar plantations (Fig. 3b and c) : these indicators are sensitive to high ozone concentrations.
Required reduction in NO x emissions to compensate for impact of poplar plantations
Although the effect of the new poplar plantations on ozone air pollution in our LOTOS-EUROS simulations is apparent, they may appear to be relatively limited. However, changes of such a size are of the same order as observed ozone trends from 1990 to 2005 in Europe (Solberg et al., 2009) . To put our results further into perspective, we asked whether a substantial reduction in other emissions would be required to neutralize the effect of the land use modification. We focused on NO x emission reductions because the relative impact of new poplar plantations is strongest in regions with high NO x emissions such as the Netherlands and the UK (Fig. 3) . Thus, LOTOS-EUROS was used to simulate the impact of up to 50% NO x emission reductions on top of the scenario with new poplar plantations. The simulation results for the entire simulated domain demonstrated that for each of the ozone indicators studied (mean of daily ozone maxima, AOT40f, and SOMO35) a reduction in NO x emissions of 15e20% was able to compensate for the increase in isoprene emissions by new poplar plantations (Fig. 5aec) .
A more detailed study of the required NO x emission reductions from the viewpoint of individual countries gave very similar quantitative results (Fig. 5d) . However, for countries in Northwestern Europe such as the United Kingdom and Germany an even higher reduction in NO x emissions of up to 50% was needed to neutralize the impact of new poplar plantations. This is because the ozone concentrations in these high-NO x regions tend to be limited by VOCs rather than by NO x . Thus, a small decrease in NO x emissions has a limited effect on ozone levels in Northwestern Europe. Together, our simulations with decreased NO x emissions show that a substantial investment in such emission reductions would be needed to compensate for the effect of new poplar plantations on ozone air pollution.
Discussion and conclusions
We have studied a scenario where biomass plantations are used on a large scale for bio-based energy production within Europe. We found that for our scenario of replacing only 5% of crop-and grassland by poplar plantations, a large increase in isoprene emissions is expected (45% increase for the entire simulated European domain). Because ozone is a rather insensitive component due to non-linear effects in the chemical reactions involved in ozone production, the effect of biomass production on ozone air pollution is more limited than the effect on isoprene emissions (e.g., an up to 6% increase for ozone daily maxima). Still, the additional pollution cannot be neglected because especially the daily ozone peaks are affected, i.e., when the damage to humans, animals and vegetation is highest. Moreover, we showed that the investment in for example NO x emission reductions needed to neutralize the effect of the increased isoprene emissions is substantial: on average a 15e20% NO x reduction would be required, but for countries in Northwestern Europe this percentage is even higher. Between 1990 and 2005, Fig. 5 . A substantial reduction in anthropogenic NO x emissions is required to compensate for ozone pollution in Europe due to new poplar plantations. Lotos-Euros was used to predict the impact of reduced NO x emissions on the mean daily maximal ozone concentration (a), the mean AOT40f (b) and the mean SOMO35 (c) over the entire simulated domain, and on the mean AOT40f within a selected set of European countries (d). Each of the ozone indicators is calculated over the period April 1st to October 1st, 2006, and subsequently averaged over the entire simulated domain. Blue bars in (aec) and solid lines in (d) represent results for the hypothetical future biomass production at various NO x emission levels, whereas the dashed lines in (aed) represents results for the current land use at a 100% NO x emission level. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) annual NO x emissions in Europe have decreased by 32% from w25 Tg to w17 Tg, with the strongest decrease (20%) occurring in the first half of the 1990s (Vestreng et al., 2009) . Thus, when put in the perspective of NO x emission reductions by another 15e20%, the effect of new poplar plantations can be termed large. Note that we have isolated the impact of a land use change, and that a full assessment of future ozone levels across Europe should also encompass the impact of a shift to biofuels as well as emission developments in other sectors.
In previous work on the effect of biomass plantations in Europe Lathière et al., 2006) slightly different scenarios were studied. In one extreme scenario the effect of substituting all agricultural areas in Europe by deciduous trees on isoprene emissions was investigated (Lathière et al., 2006 ), which seems a small change compared to the mean increase in isoprene emissions of 45% we found for a land use change of only 5% rather than 100% of agricultural land. The scenarios studied by Ashworth et al. (2011) , i.e., replacing up to 30% (70 MHa) of the crop-and grass-land by biomass plantations, were also more extreme than ours, yet changes of 15e30% are considered feasible (Fischer et al., 2010 Pacifico et al. (2011) rather than the commonly used empirical relationships proposed by Guenther et al. (1993) and Guenther (1995) ). The already high isoprene emissions for the baseline case might in part explain the limited effect of biomass plantations on isoprene emissions in the studies by Lathière et al. (2006) and Ashworth et al. (2011) . However, probably the most important factor explaining this limited effect is the difference between the isoprene emission factors of grasses/crops (lower in our case than in the other studies) and those of the replacing forest species (higher in our case than in the other studies). Lathière et al. (2006) did not study the consequences of the increased isoprene emissions on ozone air pollution. The increase in mean ozone concentrations of up to 3% during July projected by Ashworth et al. (2011) is roughly consistent with the changes projected by our simulations (when taking the different isoprene emissions into account).
All model input data and process descriptions are associated with uncertainties. As a consequence, it is difficult to provide a quantification of the uncertainty of a complete simulation. Instead, we provide a qualitative assessment of the most important parameters leading to uncertainty of our results. Uncertainties concerning land use classification are anticipated to be low and random. Tree species distributions and their emission factors are much more uncertain and may cause regional uncertainties. In Table 3 we compare country specific isoprene emission totals to those obtained by Simpson et al. (1999) . This analysis shows that many countries have comparable emission estimates in both studies. The largest absolute differences are found for Spain, Italy and France (in either direction). Comparing the sum overall countries covered by both studies shows 17% lower emissions for Simpson et al. (1999) . Similar to our results, Steinbrecher et al.
(2009) compared different emission modules including different land use data, emission factors and process descriptions and arrived at a 13% difference on the European isoprene emissions, though differences for individual grid cells could be a factor two. Considering the large uncertainty in isoprene emission factors amongst species, it seems that for our results especially the emission factors of poplars and grasses dominate the uncertainty in isoprene emissions.
An increase in forest land cover causes a more effective dry deposition of ozone due to enhanced roughness. Sensitivity simulations show that this indirect effect of poplar plantations (i.e., through increased dry deposition) on ozone concentrations is more than one order of magnitude smaller than the direct impact on the isoprene emission change (not shown). Note that uncertainties in dry deposition process descriptions itself are large (Dore et al., 2012; Geels et al., 2012) , especially for high temperatures and dry conditions, which may have contribute to underestimated ozone peak values in both simulations. Other process uncertainties come from the representation of chemistry. Comparison of several chemistry mechanisms reveals that the CBM-IV mechanism in general yields an ozone production per unit isoprene that is on the low side of the range (Emmerson and Evans, 2009) . Therefore, the (absolute) increase in ozone levels because of increased isoprene emissions found in our current study is expected to be a rather low estimate. This conclusion is substantiated by the systematic underestimation of ozone levels and indicators by LOTOS-EUROS. In LOTOS-EUROS, isoprene nitrates are not explicitly included but their formation is accounted for as a simple loss term for the NO 3 radical. However, isoprene nitrates may represent an important NO x reservoir in regions with high VOC to NO x ratios such as remote tropical areas (Beaver et al., 2012) . These conditions are not likely to be present in Europe. Nevertheless, future research should describe the ozone cascade in more detail, including a more detailed chemical scheme for the degradation of biogenic as well as anthropogenic VOCs.
Other studies on the impact of land use changes on ozone pollution (in non-European regions) have emphasized the importance of NO x concentrations. The effect of increased isoprene emissions on ozone concentrations depends on whether the region of interest is 'NO x -sensitive' or 'VOC-sensitive' (Sillman, 1999) . In environments with a lot of NO x pollution (low VOC:NO x ratios), increased isoprene emissions tend to lead to higher ozone levels. However, in relatively clean environments with low NO x concentrations increased isoprene emissions may lead to reduced ozone concentrations. Indeed, Europe is in general a region with high NO x concentrations, hence the general increase in ozone pollution due to biomass plantations we found. In other regions in the world NO x levels are frequently lower. A number of studies on the impact of land use change has been performed for South-East Asia because of the fast local expansion of oil palm plantations in the past decades. Experimental measurements demonstrated that isoprene emissions from oil palm plantations in South-East Asia are larger than those from nearby tropical rainforests . It was projected that further extensions of such plantations in SouthEast Asia will greatly increase surface ozone levels when the additional NO x emissions for fertilization, transport and processing in the oil palm industry are taken into account Ashworth et al., 2011) . Thus, nitrogen management in such tropical regions is essential to prevent ozone air pollution (Hewitt et al., 2009) . Wiedinmyer et al. (2006) demonstrated a similar important role of NO x upon planting of new oil palm, Eucalyptus and poplar forests in the Amazon and the Western United States. Their simulations projected that the increased isoprene emissions due to such plantations would lead to decreased ozone concentrations in the low-NO x regions (Amazon and Northwestern US) and to increased ozone concentrations in high-NO x regions (Southwestern US). Hence, future studies could also include the impact of other emissions directly associated with biomass plantations such as combustion and transport. Because we studied a scenario that was careful in terms of the amount of land modified into biomass plantations over Europe, ozone levels may be much more strongly affected in the future than in our conservative scenario. Most of the land expected to become available for biomass production is located in Eastern Europe, where for some countries up to half of the agricultural lands could in the future be sacrificed for biomass forests (Fischer et al., 2010) . Hence, especially in Eastern Europe ozone air pollution might become severe, although a quantitative estimate of the effects would need to be studied in more detailed scenarios. These scenarios could also address the exacerbating impact of global warming, which is likely to be important (Jacob and Winner, 2009) . Nevertheless, the current simulations demonstrate that even a relatively small modification in land use notably increases ozone air pollution, and that neutralizing this increase by decreasing other emissions would require quite an investment. One way to decrease the effect of future land use modifications on air pollution, is to use where possible species that emit less isoprene yet are suitable for fast biomass production. Thus, willow and Eucalyptus forests are in this respect a better choice than poplar plantations (see Table 1 ; note that a '19% willow' scenario would give about the same ozone increase as our '5% poplar' scenario). It may also be possible to develop transgenic non-isoprene emitting species, as was for example achieved for poplars (Behnke et al., 2007) . However, such species could have problems in dealing with heat stress (Behnke et al., 2007) .
Large-scale transitions toward renewable energies are at first sight expected to be purely beneficial for the environment because they lead to a reduction of for instance carbon dioxide production. However, our study shows that the impact of switching to renewables can also be in part detrimental, and that the effect on other air pollutants such as ozone should also be considered. Thus, before large-scale transitions toward renewables are effectuated, expected air quality changes should be carefully studied in all their aspects, including a shift to combustion of biofuels as well as the associated land use change. Global as well as regional CTMs are indispensable in the study of scenarios representing transitions toward renewable energies.
